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Reviewer 1

1. It should be made clearer in the title and first part of the abstract that only albedo changes

and not orographic changes are taken into account.

#Response#: We have revised the manuscript to ensure the emphasis is in isolating the surface reflectiv-
ity (albedo) effect of reduced ice sheet extent, excluding orographic and freshwater feedbacks. This includes
changing the title to ”Late Pliocene Ice Sheets as an Analogue for Future Climate: A Sensitivity Study of

the Polar Southern Hemisphere” and modifying the abstract and other sections of the manuscript.

2. Improved methods: It might be helpful to include a table of the experiments performed with
the forcing included. I am actually surprised to see changes in albedo over the East Antarctic
ice-sheet in fig. 2d. It is my understanding the ice-sheet is a forcing in this simulation, and
thus the albedo over the ice-sheet imposed. Can the authors explain why albedo is changing
over land areas where the ice-sheet forcing should not have changed?

#Response#: A table has now been included to section 2.2 that gives full details of the experiments and
the forcings. We also give a full description of the pre-industrial experiment design:

”The protocol for our pre-industrial (PI) simulation follows Eyring et al. (2016). Ice sheets, land geogra-
phy, topography and vegetation are all unmodified from the model. GHG concentrations for CO,, CHy and
N3O are 284.3 ppmv, 808.2 ppbv, and 273.0 ppbv, respectively. For orbital parameters; eccentricity set at
0.016764, obliquity 23.549 and perihelion - 180 is 100.33.”

Table 1: The four Core and Tier 2 Pliocene for Future protocol experiments conducted. PI refers to pre-

industrial conditions, LP for Late Pliocene. Name terminology is from Haywood et al. (2016).
Experiment ID  Ice sheet Configuration Land Geography Topography Vegetation COsz (ppm) Orbit

E280 PI PI PI PI 280 PI
E400 PI PI PI PI 400 PI
Ei280 LP PI PI PI 280 PI
Ei400 LP PI PI PI 400 PI

#Response#: Although the ice-sheet extent is prescribed in our experiments, climate feedbacks - such as
changes in cloud cover, atmospheric temperature, and moisture transport - alter the surface radiation balance
and can reduce albedo in regions like East Antarctica, where the ice-sheet mask remains unchanged. This

has been clarified in the results section.



3. Improved analysis

106: the authors state that “when ice-sheet reductions are included there is a persistent pos-
itive phase of the SAM, which intensify the westerly winds” On Figure 4, timeseries of SAM
indices are shown for all the experiments (note that the x axis is missing), and in all cases
the SAM index is much lower in the Ei than E case. So the SAM index is less positive when
the ice-sheet reductions are taken into account contrarily to the statement above. I note that
even in the PI case (E280), the SAM index is centered on 0.2, which seems odd. The authors

should double check their results and include a description of their SAM index calculation.

#Response#: Following this very helpful point, we have rewritten the section in which we detail the
polar Southern Hemisphere climatic response to the modified boundary conditions. We have recalculated
the Southern Annular Mode (SAM) index using EOF analysis of sea level pressure (SLP) over the Southern
Hemisphere. The SAM index (PC1) is standardized for comparability across experiments and is now filtered
using a Savitzky-Golay filter. We included the following paragraph on the method, as well as new SAM
figures (Figures 1 and 2):

”The Southern Annular Mode (SAM) was calculated using EOF analysis to identify the dominant mode
of SLP variability in the Southern Hemisphere. This produced the spatial pattern of the first EOF (the SAM
pattern). To calculate the time evolution of SAM, a principal component (PC) analysis is used. This (PC1)
is obtained by projecting the SLP anomalies onto the EOF pattern. It is then is standardized to have zero
mean and unit variance by removing the mean and dividing by the standard deviation. This allows for a

direct comparison of SAM variability across different climate experiments.”
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Figure 1: Southern Annular Mode (SAM) index timeseries for the E280, E400 and Ei400 experiments, for a
200 year equilibrium state period. SAM index is filtered using a Savitzky-Golay filter.

Figure 4 now clearly shows:



e A shift towards a positive SAM phase under increased COy atmospheric concentration (E400)

e Amplified SAM variability under combined CO5 and LP ice sheet extent (Ei400) that indicates a dipole
pattern compatible with a negative SAM.

#Response#: We also included anomaly of the zonal wind component to explain the how changes in
SAM affect the climate around the polar Southern Hemisphere. The section is now fully rewritten, and we

constrain the new SAM analyses with other climatic processes.
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Figure 2: Difference in EOF first mode of sea level pressure. a) E400-E280, b) Ei400-E280. U component of
wind anomalies ¢)E400-E280, d) Ei400-E280.

114-115: the authors state that there is a “deepening of the Amundsen sea low with stronger
winds and stormier conditions”, but this is not shown and it sounds to me more like a simple
description of what is expected under positive SAM than in the simulations presented. If you

want to keep that statement, then please show the changes in SLP or geopg in a more con-



vincing way as this is really not evident from Fig. 3 c,d. In addition, the two statement above
are contrary to the statement L.163-164: “our simulations do not indicate significant changes
in the wind regime over Antarctic and the Southern Ocean.” These contradictory statements
and figures suggest that the authors need to carefully look at their results and assess whether

there are significant changes in the winds or not. Please show the wind changes.

118: The authors suggest that the poleward contraction of the westerlies amplifies the up-
welling, which accelerates sea-ice melting from below. Related to the comment above, are
there significant changes in the westerlies in your simulations? Please show the wind and up-

welling changes.

#Response#: The highlighted statements have been revised for consistency and clarity. We removed the
figures describing the SLP anomalies, as our analysis was arbitrary and confusing. In the rewritten section,
we now do not make claims without having a careful analysis to support it. By including figures that show
changes in the SAM spatial and temporal pattern and in the eastward wind at 850, we confirm substantial
differences between E400 and Ei400. Our comments on upwelling are now tied to the compound analysis of
zonal wind regime that influences ocean divergence, the spatial patterns of temperature and salinity, and the
identification of changes in the clockwise meridional overturning circulation that represents the upwelling of

the Circumpolar Deep Water (CDW). We also add strong literature evidence to our discussion.

Figure 5 does not seem appropriate to discuss AABW changes. I) the AABW in E280 should
be shown. Ii) the AABW taken through this calculation seems really low and does not seem
to reflect the lower limb of the MOC as seen on Figure 7. Is your value of the global stream
function south of 60S and below 500m even negative (ie anticlockwise circulation)? In fact,
on your figure 7, the lower limb of the MOC does seem weaker in Ei400 than E400. Coarse
resolution models do have issues representing AABW formation, and on Figure 7, there does
not seem to be any downwelling branch south of 60S (ie anti-clockwise circulation south of

60S). Please re-assess your statements L. 153-156.

#Response#: We appreciate the comments drawn towards figure 5. Specifically:

I. We included a timeseries of the AABW in experiment E280 to highlight the changes in E400 and Ei400

in relation to the control simulation variability (Figure 3).

II. The values shown, as explained in Figure 5, represent the absolute values of the streamfunction. They
are, as expected, negative. However, we chose to represent the circulation in terms of absolute values
as the representation in a streamfunction of AABW in negative (anticlockwise), can be misleading in a
timeseries. They are also quite low as they reflect the E400 and Ei400 experiments, where the AABW

is weaker.

ITI. In the statements of given of how the AABW is computed, we mention that it is computed as the
absolute value of the minimum at south of 60°S and below 500m depth. Therefore, it does reflect the
strength of the AABW in this latitudinal band. The strength seen in the latitudes further north are
more related to the export of the AABW to the AMOC, rather than an integration through the polar



Southern Hemisphere.

IV. The discussion has been revised to clarify that Ei400 exhibits a partial recovery of AABW after 700

years, while E400 continues to decline.

8 AABW index

—— E280 AABW E400 AABW Ei400 AABW
7 4
6 4

0 . . . . .
200 400 600 800 1000 1200
Simulation Years

Figure 3: Time series of the Antarctic Bottom Water formation index for experiments E280, E400 and Ei400,
calculated as the absolute value of the minimum global streamfunction south of 60°S and below 500 m depth
(adapted from Zhang et al. (2019)).

170-174: I am confused about this paragraph. Is this a statement based on what has been
shown in previous studies or based on the authors’ results? If the former, then references are
critically needed. If the latter, then this should be shown as it does not seem to be what is
obtained here (ie SAM is less positive when the albedo decreases over Antarctica), and refer-

ences to the figures where it is shown should be included.

#Response#£: This paragraph has been revised to clearly distinguish between our results and previous lit-
erature. The discussion now refers to the recalculated SAM index and uses references such as Thompson and
Wallace (2000) and Gerber and Vallis (2007) to contextualize the SAM’s behavior. We have also been care-

ful towards including all references to figures that represent the patterns we depict and hypotheses we propose.

4. An improved discussion of the results in comparison to previous studies is needed. For ex-
ample, previous studies looking into the mid-Pliocene (Weiffenbach et al., 2023, Climate Past,
https://cp.copernicus.org/articles/20/1067/2024) and Last Interglacial (Yeung et al., 2024,
Com. Earth Env., https://www.nature.com/articles/s43247-024-01383-x) highlighted the im-
pact of Southern Ocean warming and reduced sea-ice on stratification and AABW formation,
with potential feedbacks on the AIS. The impact of AIS loss on climate was also studied in
Hutchinson et al., 2024 (Nat. Com., https://www.nature.com/articles/s41467-024-45501-x).
While in that study, changes in orography were also taken into account, it seems relevant to
include this study in the discussion as the climatic impact seems much smaller in Hutchinson

et al than in your study.



#Response#: Following your suggestions we have included a literature review in the introduction, focusing
on paleoclimate insights from the Late Pliocene (LP) as an analogue for future warm climates. This high-
lights the niche of our study. We have then contrasted our results in the section LP ice sheets as analogues
for future climate with other relevant studies. This includes those suggested by yourself for a paleo climate
perspective, plus literature examining modern polar Southern Hemisphere climatic change including Goerte
et al 2023. We highlight that our larger climate response likely stems from isolating the albedo effect without
compensatory feedbacks (e.g., sea-level rise-induced circulation changes). We also highlight the importance
of conducting our experiments as to disentangle the contributions of albedo feedbacks from the contributions

of change in ice sheet orography that other studies include.

Line by line comments:
60, 61: Please include the references to the mid-holocene, Last interglacial and mid-Pliocene

simulations.

#Response#: Thank you for reminding us of it. We have now included Zhang et al 2021 (10.5194/gmd-
14-1147-2021), Chen et al 2022 (10.1029/2022GL098816), Han et al 2024 (10.1029/2023GL106145) and de
Nooijer et al 2020 (10.5194/cp-16-2325-2020) as the relevant references for this section.

124: If T understand correctly, there is no ice-sheet model. Marine ice sheet instabilities

parametrization is only relevant for ice-sheet models.
#Response#: We agree this sentence is misleading. We have removed this statement.

Legend of figure 5: Please include the area or latitudinal band of the Southern Ocean that was

used for this graph.
#Response#: We acknowledge that this information is necessary and we have included the latitudinal
band of 60-90°S as the region of calculation of AABW index. We have also named this latitudinal band as

polar Southern Hemisphere, to properly identify our study region.

131: the reason for the interannual to decadal variability is not shown here, so this seems like

a speculation and it does not seem relevant to the study.
#Response#: We agree and have removed this sentence as it was not necessary.

163-164: Please re-assess if this correct after looking into the wind changes (see comment 3

above).

#Response#: After analysis of the eastward wind anomalies, as per recommended, we have corrected our

statements.



203-208: this paragraph might need to be a bit modified. Even though there are some uncer-
tainties associated with Antarctic topography after the loss of WAIS, it seems that it would
be more consistent to do so. I have no problem with the study only looking at the impact of
changes in albedo, but the authors have to acknowledge that assessing the impact changes in

orography is also important.

#Response#: We have understood your concern and modified the paragraph to:

”There is a notable gap in existing research on the isolated impact of the abrupt removal of large portions
of AIS and GrIS on climate and ocean circulation. The Late Pliocene serves as an important analogue
of future climate scenarios due to its modern-like atmospheric COs concentrations, significantly reduced
ice sheets and ecosystem shifts. This paleogeographic framework offers a valuable opportunity to assess
climate sensitivity to regional albedo changes. In this study, we specifically isolate the albedo effect of ice
sheet reduction to examine its role in driving Antarctic climate dynamics and Southern Ocean circulation.
A PlioMIP-conform idealised sensitivity experiment would incorporate the orography changes that would
accompany the reduction in ice sheet. Under future ice sheet loss, the changes in orography that will result
are likely to have significant impacts on the surrounding climate and Southern Ocean. Here, we choose to not
include orographical change however. The additional uncertainties from both deriving the parameters needed
to modify orography in the model (including adjusting mean orography in the atmospheric component and
sub-grid scale parameters such as standard deviation, slope, and angle) and from whether future orographical
changes will closely align with those reconstructed for the Late Pliocene, may outweigh the benefits of an
idealised sensitivity experiment. Our simulations with isolated PRISM4D ice sheet conditions demonstrate
that ice sheets play a critical role in modulating climate feedbacks in response to warming.”

We fully acknowledge, however, that assessing the impact changes in orography is important. We have not
yet encountered a sensitivity experiment that looks into this effect in an isolated form. The usual analysis of
the Late Pliocene ice sheets in climate simulations includes both altering the ice sheet extent and the orogra-
phy to match the reconstructed LP conditions. Therefore, our approach introduces novelty by disentangling
the effects of albedo from orography and facilitates comparison with the PlioMIP/PMIP ensemble for their

Ei experiments.



